Background: Computational models of the human pelvis have become highly useful tools to assess mechanisms of injury, diagnostics and treatment options. The purpose of this systematic literature review was to summarize existing pelvic computer models, to assess their comparability and the measures taken for experimental validation. Methods: Research on virtual simulations of the posterior pelvis and sacroiliac joint available from the ISI Web of Knowledge, PubMed and Scopus databases available until January 2018 were included. Findings: From a total of 3938 articles, 33 studies matched the criteria. Thirteen studies reported on experimental biomechanics, of which seven were parametric. Thirteen studies focused on pelvic injury and surgery, three were clinical case reports. One study assessed the effects of lumbar surgery on the sacroiliac joint, three studies on diagnostics and the non-surgical treatment of the sacroiliac joint. The mode of load application, geometry, material laws and boundary conditions varied vastly between the studies. The majority excluded the lumbosacral transition as part of pelvic biomechanics, and used isotropic linear elastic material properties. Outcomes of the analyses were reported inconsistently with negative impact on their comparability, and validation was commonly conducted by literature with varying agreement of the loading conditions. Interpretation: Comparability and validation are two major issues of present computational biomechanics of the pelvis. These issues diminish the transferability of the in-silico findings into real-life scenarios. In-vitro cadaveric models remain the realistic standard to account for the present computational analyses which simplify the complex nature of musculoskeletal tissues of the pelvis.
Introduction
Virtual computational models of the human pelvis have evolved as highly useful tools to assess load distribution under healthy conditions, as well as pathologically altered biomechanics (Anderson et al., 2004; Böhme et al., 2014; Bruna-Rosso et al., 2016; Eichenseer et al., 2011; Hammer et al., 2013; Hao et al., 2011; Kim et al., 2014; Phillips et al., 2007b; Shi et al., 2014; Watson et al., 2017) , and to evaluate the effects of both non-surgical (Sichting et al., 2014) and surgical treatment (Böhme et al., 2012; García et al., 2000; Kurz et al., 2017) . The finite elements (FE) method is commonly utilized for this purpose. Experiments using the FE method can be repeated theoretically an indefinite number of times in a highly reproducible manner, this forms a key advantage over any experiment involving living or post-mortem tissues. Cadaveric tissues are commonly limited regarding the availability of suitable samples, and inter-individual variation needs to be considered. Equally, animal models lack validity in comparison to humans given the morphological and functional differences related to upright posture. Moreover, health issues and potential alterations of tissue mechanics due to chemical alterations in embalmed cadavers form further shortcomings. However, such tissues give a more superior representation of the morphology of the structures when they are assessed biomechanically.
Three main variables defining the overall validity of FE models to provide lifelike and realistic results have been identified so far: an accurate morphology of the structures of interest, precise mechanical data of the defining geometries, and technically appropriate loading and boundary conditions. A number of studies have aimed to obtain reliable morphological data of the pelvis, its adjacent ligaments and soft tissues, and investigated different loading conditions depending on the https://doi.org/10.1016/j.clinbiomech.2018.12.005 Received 27 May 2018; Accepted 4 December 2018 biomechanical scenario (Hammer et al., 2009; Hammer et al., 2010; Steinke et al., 2010; Steinke et al., 2014) . Accurate mechanical data of the soft tissues are to date still largely missing, these are commonly estimated for computational models (Buford et al., 2010) or derived from minute sample sizes in spite of the well-known inter-individual variability (Müller-Gerbl et al., 1988; Vleeming et al., 1989) . In particular, the stress-strain behavior of the ligaments remains a challenge to model computationally, as they have multidirectional fiber orientations resulting in highly direction-dependent (anisotropic) material properties (Fujiwara et al., 2000; Hammer et al., 2009; Hammer et al., 2010; Hanson and Sonesson, 1994; Luk et al., 1986; Steinke et al., 2010; Steinke et al., 2014) . As a consequence, data may vary both qualitatively and quantitatively between the in-silico modeling and the in-vitro experiments using different loading conditions. This may differ up to two magnitudes (100× difference) (Buford et al., 2010; Hammer et al., 2013; Sichting et al., 2014) . Equally, boundary conditions, material properties and the laws of biomechanics play a major role in pelvis and sacroiliac joint (SIJ) deformation (Freutel et al., 2014; Peng et al., 2006; Phillips et al., 2007b; Shi et al., 2014; Watson et al., 2017) .
Existent research using FE models of the human pelvis covers a variety of the research fields, spanning between biomechanics, clinical research, engineering and computer science. Consequently, it is challenging to have an overview of the present state of virtual models' development for pelvis and SIJ research. This given review addresses this gap and summarizes existing manuscripts on muscular and osteoligamentous computer models of the human pelvis, with particular emphasis on the contextualization for medical research.
Based on the summarized findings of this review, a preliminary recommendation will be made concerning validation of such models to give realistic results.
Methods
A systematic review was undertaken using the ISI Web of Knowledge, PubMed and Scopus databases, to include all relevant articles published on the posterior pelvis and sacroiliac joint, following the PRISMA guidelines. Publications were included if they contained a combination of the words "Computer simulation", "Finite Elements" or "Numerical analysis" as well as "Pelvis" or "Sacroiliac joint" or "Sacroiliac joint" (Fig. 1) . No time boundaries were set as inclusion criteria, i.e. all manuscripts available in the databases until 01/2018 were included. The unfiltered number of retrieved articles were checked to remove duplicates and those that met the exclusion criteria, such as non-English articles, non-computational studies, articles on pediatrics or urogynecology with exclusive focus on the pelvic floor, or studies with exclusive focus on the pubic symphysis or the hip joint.
The remaining publications were then categorized into (1) experimental biomechanics (parametric and nonparametric studies), (2) studies on pelvic trauma (including surgical treatment, clinical case reports, surgery of the lumbosacrum, and in (3) non-surgical diagnostics and treatment of the SIJ.
These studies were assessed further according to their type of modeling, boundary conditions, key outcomes, as well as the type of validation undertaken to approve the correctness of the model.
Results
A total of 33 studies were retrieved from the above-mentioned databases which met the inclusion criteria. 32 were finite elements studies (Tables 1a, 1b, 1c) and one was a non-finite elements study (Buford et al., 2010) . Thirteen studies focused on experimental biomechanics (Table 1a) , of which seven were primarily parametric research. Another seventeen studies focused on pelvic trauma and on pelvic surgery, of which three studies presented clinical case reports as part of a computationally-assisted planning or evaluation of surgical implants and one study assessed the effects of lumbosacral surgery on the SIJ (Table 1b ) Three studies were in the context of non-surgical diagnostics and treatment of the SIJ (Table 1c) .
3.1. Load application, geometries, material laws, and boundary conditions vary largely between studies with direct effects on the modeling results
The body of existing research has shown that the mode and the anatomical site of the load application varies greatly between the models published in literature (Tables 1a, 1b, 1c) . Ten models from different authors include the pelvis with the adjacent lumbar spine, 20 included the pelvis without the lumbar spine. Three models consisted of the innominate bones only (Anderson et al., 2004; Oonishi et al., 1983; Phillips et al., 2007b) . Three models were based on the entire bony pelvis (Wang et al., 2013; Zheng et al., 1997; Zhu et al., 2009) , five consisted of the bony pelvis with cartilage (Anderson et al., 2004; Kurz et al., 2017; Ma et al., 2015; Oonishi et al., 1983; Phillips et al., 2007b) . The remaining 25 models included of bones, cartilage and pelvic ligaments (Fig. 2 ). Bones were commonly modelled either as solids, shells, or layered geometries consisting of cortical and cancellous bone.
Regarding material properties, a majority of models were stated as being linear elastic (Tables 1a, 1b, 1c) , and only three models were nonlinear (Anderson et al., 2004; Eichenseer et al., 2011; Lee et al., 2017) . Isotropic material properties form the majority of the existing modeling approaches, whereas only four studies used non-isotropic material parameters (Anderson et al., 2004; Hao et al., 2011; Hu et al., 2017; Shi et al., 2014) . No material model was given in the remaining models. The underlying data for the material models was primarily obtained from literature with few exceptions. To date, only seven studies have assessed their models parametrically to investigate the influence of alternating material properties and boundary conditions on pelvis and SIJ deformation (Eichenseer et al., 2011; Hammer et al., 2013; Hao et al., 2011; Hu et al., 2017; Ma et al., 2015; Phillips et al., 2007b; Watson et al., 2017) .
Scope of FE analyses focusing on biomechanics
Primary objectives in the field of (basic science) biomechanical research of the human pelvis were primarily to refine models, resulting in realistic load deformations (Anderson et al., 2004; Ma et al., 2015; Volinski et al., 2018) or to compare the effects of boundary conditions on pelvic motion (Hu et al., 2017; Phillips et al., 2007a; Shi et al., 2014; Watson et al., 2017) . Further research in the field addressed the influence of the altered ligament strain in relation to pelvic motion (Buford et al., 2010; Eichenseer et al., 2011; Hammer et al., 2013; Hao et al., 2011) , or the reciprocal influence of the SIJ-hip joint complex. Further information can be found in Table 1a .
Scope of FE analyses focusing on surgical intervention
Mechanisms involved in injury have been the focus of the studies by Böhme et al. (2014) , Lei et al. (2015) and Sztrinkai et al. (2014) . Surgical stabilization for the treatment of pelvic injury have been addressed by many studies Bruna-Rosso et al., 2016; Fu et al., 2014; García et al., 2000; Lee et al., 2017; Wang et al., 2013; Zhang et al., 2014; Zhao et al., 2012) . For this purpose, metal plates, screws, sacral bars and external fixators were included in models. Recommendations for an optimal treatment varied among the studies, especially in more severe (type C) injuries. Three case reports dealt with the patient's surgical treatment (Böhme et al., 2012; Kurz et al., 2017; Shim et al., 2017) , these mechanically and clinically validated an optimal screw and plate positioning. Ivanov et al. (2009) assessed the increase in motion at the SIJ following lumbar fusion, and the same model was used to assess the effects of surgical SIJ fusion onto the lumbar spine in a study by Lindsey et al. (2015) . They found that while lumbar fusion and the motion at the SIJ increased concurrently, little influence was found for SIJ fusion on the loading of the lumbar spine N. Hammer, S. Klima Clinical Biomechanics 61 (2019) 95-104 (Oonishi et al., 1983) . Zheng et al. (2014) assessed the stability of the pelvis following partial removal of the sacrum. Further information can be found in Table 1b .
Scope of FE analyses focusing on diagnostics and non-surgical therapy
Three non-surgical clinical studies were identified, one assessed the effects of leg length discrepancy on SIJ loading (Kiapour et al., 2012) , and another study investigated the displacements at the SIJ and pelvis induced by common pain provocation tests to diagnose painful SIJ (Kim et al., 2014) . Sichting et al. (2014) studied the effects of pelvic orthosis on the motion of the SIJ and ligament strains (Table 1c) .
Outcomes of FE analyses are inconsistently reported and give controversial results
In Hammer et al. (2013) and Eichenseer et al. (2011) , it could be shown that ligamentous properties are one of the main drivers of pelvis deformation. Independent to this, significant but qualitatively-similar results indicate that the movements concerning the SIJ and posterior pelvis are inconsistent (Eichenseer et al., 2011; Hammer et al., 2013) . Furthermore, Hao and co-workers (2011) investigated the differences in deformation comparing different evolutions of SIJ ligament modeling and loading of both femora compared to a fixed pelvis and found vast differences in load distribution. Whereas, Shi et al. (2014) in their model confirmed the importance of modeling the SIJ as a synovial joint. In contrast to these aforementioned findings (Hammer et al., 2013; Hao et al., 2011; Shi et al., 2014) , Watson et al. determined , based on their FE model, that increasing the constraints of the pelvis, such as decreasing the degree of mobility does not significantly alter innominate bone motion (Watson et al., 2017) .
The manner in which the outcomes of the FE simulation are reported vary vastly between the studies. Deformations are represented as both as relative or absolute values, Van Mises stresses or qualitative assessments are given at different reading points, therefore rendering further comparability between the studies as impossible. Interestingly, the deformation data of the pelvis also varies by magnitude between certain studies (Eichenseer et al., 2011; Sichting et al., 2014) .
Literature appears to be the primary source of validation
Validation in most studies is performed on the basis of published literature, published "validated" models, or in cadavers, with varying comparability of modelled and cadaveric load-deformation scenarios.
Proposition to introduce a preliminary grading system based on validation
Based on the lack of clear conventions for validating biomechanical models, a draft proposing a potential classification system facilitating Table 1a Summary of computer simulation studies on the pelvis and sacroiliac joint (SIJ) focusing on experimental biomechanics. * non-finite elements (FE) study. (Anderson et al., 2004; Dalstra and Huiskes, 1995) N. Hammer, S. Klima Clinical Biomechanics 61 (2019) 95-104 (Eichenseer et al., 2011; Miller et al., 1987) (continued on next page) N. Hammer, S. Klima Clinical Biomechanics 61 (2019) 95-104 
Table 1c
Summary of computer simulation studies on the pelvis and sacroiliac joint (SIJ) focusing on the non-surgical treatment and diagnostics. (Eichenseer et al., 2011; Miller et al., 1987) Literature (Eichenseer et al., 2011; Miller et al., 1987; Zhang et al., 2014) Sichting et al. Literature (Buford et al., 2010; Varga et al., 2008) N. Hammer, S. Klima Clinical Biomechanics 61 (2019) 95-104 the interpretation of the validation is shown in Table 2 . Equally, validation and comparability between the models would be facilitated by conventions for reference points, which could e.g. be: the sacral promontory -center of acetabulum, or the vertebral body endplates -ischial tuberosity.
Discussion
Computational modeling using FE has become a common methodological approach in musculoskeletal research aimed at elucidating biomechanics and pathology of the human pelvis. This review has underlined the importance of experimental validation of computational results. The application of FE research has extended beyond investigating healthy and pathologically-altered biomechanics into engineering science, where developing and validating surgical implants as a potential treatment option becomes increasingly important. This relates to FE models of healthy load distribution (Eichenseer et al., 2011; Hammer et al., 2013) , pelvic injury García et al., 2000) , diagnostics around the painful SIJ (Kiapour et al., 2012; Kim et al., 2014) , as well as nonsurgical (Sichting et al., 2014 ) and surgical (Böhme et al., 2012; Bruna-Rosso et al., 2016; Kurz et al., 2017; Lindsey et al., 2015) treatment. In order to give accurate results, FE is largely dependent on precise morphological and mechanical data, as well as adequate loading conditions. Here, certain simplifications need to be made, and master FE models representing a larger cross section of the population are one evolving approach (Shim et al., 2017) . These models should, however, always be validated and robust enough not to give erroneous results with potential (negative) impact on patient treatment. Given its complex geometry, material heterogeneity and anisotropy, the pelvis is a difficult structure to model, to the effect that most existing models are limited to osteoligamentous structures or even just bones (Table 1 ). Boundary conditions in use limit the overall motion of the pelvis including the SIJ to lesser degree than observed in vitro or in vivo (Eichenseer et al., 2011) . Now that the results of FE simulations are being used to derive or assess clinical outcomes of patients (Böhme et al., 2012; Shim et al., 2017) , it becomes vital to further evolve the accuracy of FE modeling. Existing models to date are lacking in representing physiological load deformation of the pelvis, which is partly related to excluding the lumbosacral transition (L5-S1) and/or the hip joints and their effect on the relative position of the pelvis during physiological loading. This is partly caused by the paucity in accurate load deformation data, which can be used for assessing the validity of computationally observed movements. Similarly, existent FE models are commonly limited to the pelvic ring, and exclude the lumbosacral transition (Böhme et al., 2012; Böhme et al., 2014; Bruna-Rosso et al., 2016; Eichenseer et al., 2011; García et al., 2000; Hammer et al., 2013; Kurz et al., 2017) or even the sacrum (Anderson et al., 2004; Phillips et al., 2007b ) -structures known to vastly govern pelvis and SIJ motion.
Inconsistency can be found on the material models used, with some studies using isotropic linear elastic (Böhme et al., 2012; Hammer et al., 2013; Kurz et al., 2017; Sichting et al., 2014) or anisotropic material properties (Hao et al., 2011) . The underlying bone models vary, including shell models (representing the outer surface of the bone only; García et al., 2000) , solids (Sichting et al., 2014) or combinations of cortical and cancellous bone (Kurz et al., 2017) . Even within the commonly-used shell models, thicknesses and material properties vary (Böhme et al., 2012; Eichenseer et al., 2011; García et al., 2000; Hammer et al., 2013; Shi et al., 2014) .
One limitation most FE models have in common is their lack of performing an in-vivo or in-vitro validation or that no validation is performed beyond a comparison to literature to substantiate their findings (Böhme et al., 2012; Eichenseer et al., 2011; Kim et al., 2014; Kurz et al., 2017; Sichting et al., 2014; Watson et al., 2017) . Equally, minute sample sizes (Bruna-Rosso et al., 2016; Shi et al., 2014) for validation or non-physiological loading conditions with rigidly-fixed innominate bones (Bruna-Rosso et al., 2016) lower the significance of existing studies, including our own previous findings, as in-silico deformations vary by up to two magnitudes comparing the evident movement to the in-silico models (Hammer et al., 2013; Sichting et al., 2014) . Of the 33 computational studies of the pelvis, only seven make an attempt to perform a cadaveric validation in a standardized manner (Anderson et al., 2004; Bodzay et al., 2014; Bruna-Rosso et al., 2016; García et al., 2000; Hammer et al., 2013; Hao et al., 2011; Hu et al., 2017) . The remaining majority performs validation based on literature, qualitative description, plastic models or none. Two cadaveric studies form the main body such literature-based validation (Miller et al., 1987; Simonian et al., 1994) . Miller et al. (Miller et al., 1987 ) defined a loading scenario to assess SIJ displacement in isolated joints in three orthogonal directions and two axes of sacral rotation. This scenario also formed the basis of a parametric analysis study on ligament effects (Eichenseer et al., 2011) . This resulting FE model has further been used to assess loading on the sacral promontory to investigate the stability of percutaneous screw fixation of the SIJ , and to study ligament loading during diagnostic tests with loading from various directions (Kim et al., 2014) . Though the initial experiment carried out by Eichenseer et al. (Eichenseer et al., 2011) has been validated by literature in a very similar load setting, the vastly-different loading scenarios of the FE models for surgical treatment or diagnostic test assessment (Kim et al., 2014; Zhang et al., 2014 ) may be interpreted with caution.
Equally, results from cadaver testing by Simonian et al. (Simonian et al., 1994) have been used for a literature validation (Ivanov et al., 2009 ). Simonian et al. (Simonian et al., 1994) loaded the pelvis axially Fig. 3 . Two examples how primary experimental data from cadaveric research (green) is used to validate finite elements (FE) models. The arrows indicate the flow of the load-deformation data being used. Solid lines represent similar load scenarios, dashed lines differing loading scenarios with decreasing significance for the subsequent model. Data on validation attempts has been derived from the given manuscripts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) via the L4 vertebral body with up to 1000 N. Ivanov et al. (Ivanov et al., 2009 ) altered the site of load application to L3 for their virtual experiments, this reduced the loading to 400 N, and added a 10-Nm of flexion (Ivanov et al., 2009) . Again, though this model has only been validated partially, it formed basis for further FE models, again with vastly different loading scenarios, e.g. on leg length discrepancy (Kiapour et al., 2012) or on surgical SIJ fusion (Lindsey et al., 2014) . Another set of literature-based validation attempts can be found for these two studies, all with different load application (Goel et al., 1978; Miller et al., 1987) . Fig. 3 exemplifies these two examples of how the evolution FE models becoming increasingly divergent from the original validation setup and therefore increasingly un-validated. Similar approaches have been used for the validation of Böhme et al. (2014) with Hammer et al. (2013) . Another approach to validation is the qualitative comparison to clinical outcomes (Böhme et al., 2012; Kurz et al., 2017; Shim et al., 2017) , which, only gives limited quantitative results. It becomes evident that a classification tool may be useful to evaluate the quality of the validation in numeric analyses. The given classification may serve as a preliminary reference.
Conclusions
This is the first systematic review that has summarized computational modeling of the human pelvis. The FE method has evolved, becoming a state-of-the-art method in biomechanical modeling over the last few decades, and great effort has been made towards implementing the highly complex morphology of the human pelvis into such models. The first models are already rendered as being highly useful to supplement cadaveric tests or to pre-evaluate potential surgical outcomes. However, most of the existing FE models lack adequate validation, therefore application of FE results into a clinical scenario including the osteoligamentous pelvis may still at best serve as a rough estimate. Invivo tests resembling the computational scenario may be considered as the desired gold standard. In-vitro cadaveric models may serve as a realistic standard in order to account for present computational analyses which simplify the highly complex, anisotropic, viscoelastic and heterogenic nature of musculoskeletal tissues of the pelvis. A classification system to address the nature of the validation is consequently necessary to inform the non-engineering audience on the quality of FE modeling.
